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F
or the first time in history, it is possible to clinically measure the optical defects of the eye beyond sphere and cylinder quickly and efficiently in the clinical environment. By all indications, this technology will soon work its way into clinical practice. Several companies currently use or plan to use this technology to quantify ocular aberrations to design ideal refractive corrections. These optimal corrections are intended to improve the optical quality of the retinal image beyond what is achievable with traditional spherocylindrical corrections. "Ideal" corrections may come in the form of customized corneal ablative corrections, contact lenses, intraocular lenses, or a combination of these. 1 Once the aberrations of the eye are quantified, they can be minimized using adaptive mirrors or other means to improve the ophthalmoscopic view of the fundus. Such techniques are referred to collectively as adaptive optics and are being used to improve the ophthalmoscopic view of the retina down to the level of individual photoreceptors. 2, 3 Similarly, adaptive optics have been used to improve vision and show potential patients the benefit of reducing ocular aberrations. 4 Currently, it is not clear that ideal corrections can be implemented routinely or that such corrections will routinely result in "super vision"; ie, vision that is significantly improved over that provided by more traditional forms of correction. Surgeries generally increase corneal [5] [6] [7] [8] and total eye 9 aberrations. Nonetheless, preliminary results with wavefront-guided surgery are encouraging (a decrease in the surgically induced aberrations 10 Even if the optical image is improved, it is not clear that the neural retina will be able to interpret the improved image. The visual system, despite improved retinal images, may have refractive amblyopia. 1 In this article, we (1) review the fundamental limits to visual performance imposed by optical imaging and photoreceptor sampling to determine the limits to the potential gains offered by ideal corrections; (2) examine the predicted losses in vision induced by chromatic aberration, phase shifts, typical ocular aberrations, and the gains possible by correcting the monochromatic aberrations of the eye; (3) discuss the principles of aberration measurement in the eye; and (4) present methods for measuring and classifying monochromatic aberrations of the eye.
Fundamental Limits to Visual Performance
What gains in visual performance are expected with ideal refractive corrections? Improving the optical transfer function (OTF) by removing optical aberrations increases the contrast and spatial detail of the retinal image. In a healthy visual system, the retinal image gains obtained from improving the OTF are reflected in percepts having higher contrast (increased modulation transfer) and sharper edges (decreased phase errors). These 2 components (modulation transfer and phase transfer) of the OTF are pupil-size dependent and key to understanding the optical quality of the retinal image.
Diffraction-Limited Modulation Transfer Function
The importance of pupil size 1, 3, 11, 12 to modulation transfer can be easily seen by viewing plots of the diffraction-limited modulation transfer function (MTF) of the eye for a variety of pupil sizes (Figure 1 ). The diffractionlimited MTF displays the ratio of image modulation (contrast) to object contrast for perfect ocular optics as a function of the spatial frequency of a sinusoidal grating. The advantage of using sinusoidal gratings is 2-fold. Sinusoidal objects are transferred to the image plane as demodulated (decreased contrast) sinusoidal images of the same frequency. Phase changes are reflected as a shift in the location of the grating image with respect to the object location and do not alter the nature of the sinusoidal luminance pattern or its image modulation. Nonetheless, phase changes are very important and will be discussed further.
The second advantage is that through Fourier analysis, more complex patterns can be constructed as a summation of sinusoidal gratings of various frequencies, orientations, modulations, and phases. Conversely, objects can be decomposed into a series of sinusoidal gratings of various frequencies, orientations, modulations, and phases. Such decomposition allows the modulation of each frequency component of an object to be reduced to reflect the impact of the visual system on object contrast. In turn, these demodulated spatial frequencies permit the reconstruction of an image as the eye would see it. For these reasons, the MTF and the phase transfer function (PTF) are standard measures of optical quality in the optical industry. the object has 100% contrast, the yellow-shaded area identifies the spatial frequencies and contrast levels over which detection and recognition ("clear vision") are theoretically possible in the normal eye. The gray-shaded area identifies the spatial frequencies and contrast levels over which detection of aliased images is possible. The area above the uppermost curve represents contrast that cannot be achieved in the retinal image. Calculations of the MTFs were made using 555 nm light and methods detailed by Smith equation 11.38. In Figure 1 , the eye's diffraction-limited MTF reveals several interesting facts: Only for a uniform field (0 spatial frequency) is the object modulation (contrast) transferred to the image plane with 100% efficiency (a modulation factor of 1); this efficiency is independent of pupil size. At all other frequencies, the modulation (contrast) transfer ratio is less than 1 and is pupil-size dependent. At higher spatial frequencies, the modulation (contrast) transfer ratio increases as pupil size increases. The cutoff frequency (the spatial frequency at which the modulation goes to 0) increases as pupil size increases.
Diffraction-Limited Phase Transfer Function
The OTF is made up of 2 principle components: the MTF and the PTF. The PTF describes the phase shift of the image with respect to the object ( Figure 2 ) as a function of spatial frequency. In a diffraction-limited optical system, object location and image location are identical and there are no phase shifts. In an aberrated optical system, phase shifts can become very important and can lead to what is commonly called "spurious resolution" and decreased visual performance. These effects will be discussed.
Retinal Limitations
In addition to optical considerations, there is a fundamental retinal limitation to visual performance: the ability of the photoreceptors to sample the retinal image. Photoreceptors in the foveola are approximately 2 m in diameter. The response of the photoreceptor to an input signal is graded based on photon capture within the photoreceptor; ie, within a single photoreceptor spatial (shape) information is lost. Consequently, to differentiate the letter E from a period, the components of the letter E must be distributed over an adequate number of receptors to allow the components of the letter to be detected by separate receptors (Figure 3 ). The coarseness of the foveolar photoreceptor mosaic limits letter acuity, independent of the quality of the optics, to somewhere between 20/8 and 20/10 (depending on the biological variation in foveolar receptor diameters in a particular eye). At spatial frequencies beyond 75 cycles/degree (cpd) (20/8) , the retinal image will be undersampled, causing the visual percept to be distorted (aliased), thereby limiting the ability of the nervous system to interpret a high-quality retinal image (Figure 1 ). In an optically aberrated eye capable of neural-limited acuity (20/8 to 20/10), improving the optics cannot improve acuity but will improve contrast for larger pupils.
Receptor-sampling limits does not mean that the visual system is incapable of seeing targets having finer imaged so it falls within the borders of a single photoreceptor, the letter cannot be differentiated from a period. B: To be seen as a letter, E must be sampled by enough photoreceptors to differentiate the letter's component parts. Reprinted with permission from Applegate. detail. The visual system can see targets having finer detail; however, they will not appear in their true form. Because of receptor undersampling, the appearance of the image is distorted, forming what is commonly called an alias percept of the actual object ( Figure 4) ; ie, the percept of the object takes on an appearance that can be quite different from the object. Consequently, photoreceptor sampling fundamentally limits acuity for larger pupils in the diffraction-limited eye.
Modulation Transfer Function and Aberrations
Counter to the diffraction-limited case, in an optically aberrated system, large pupils can be a disadvantage. First, the modulation transfer ratio can go negative, indicating a phase shift (light bars are now dark and dark bars are light). Second, in the diffraction-limited case (Figure 1 ), the modulation transfer ratio first goes to zero at the cutoff frequency and remains at zero. In the aberrated case, the function can cross zero several times before reaching the cutoff frequency. The extent of these effects is dependent on the magnitude and type of residual optical aberration. To illustrate this point, Figure 5 shows MTFs for 4 pupil diameters in the presence (thinner lines) and absence (thicker lines) of a 0.50 diopter (D) defocus.
These effects are better illustrated by looking at the change in the modulation transfer ratio and the first zero crossover of the MTF caused by moderate aberrations ( Figure 6 ). Both parts of this figure show that with moderate defocus, increasing pupil diameter decreases optical performance. To maximize the benefit of increasing the pupil diameter (decreased f number), the system has to be essentially aberration free.
In Figures 5 and 6 , counter to the diffraction-limited case, the larger the pupil, the larger the loss in image contrast and first zero crossover; the defocus induced losses in image contrast and first zero crossover for the 2 mm pupil are less than those for larger pupils, showing why pinhole testing is effective clinically.
Phase and Aberrations
As important as the effects of optical aberrations on retinal image contrast and the resulting visual perception are shifts in spatial phase induced by optical aberrations. It is well known, for example, that defocus can introduce phase reversals into images so that dark bars become light and light bars become dark, an effect sometimes called spurious resolution ( Figure 7 ). Similar effects occur for aberrations besides defocus, which can lead to spatial-frequency-dependent losses in con- (Note: A small error in the geometric approximation can be appreciated most clearly by the crossover of the 2 mm defocus MTF and the diffraction 2 mm MTF at low spatial frequencies. In larger pupils in which the wavefront error is greater than 1 wavelength, the error in the geometric approximation of the defocus case is, for all practical purposes, inconsequential.)
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For example, the visual task of letter discrimination is strongly affected when optical defocus introduces phase reversals into some spatial frequency components of the target but not others. The upper row of images in Figure 8 demonstrates the devastating effect of phase reversals on letter legibility caused by optical blur. However, when these phase reversals are corrected, as shown in the bottom row of images, the decrease in contrast induced by blur has relatively little impact. This simple demonstration illustrates that the phase shifts and phase reversals caused by optical aberrations can be more important than the loss of contrast.
Chromatic Aberration, Spherical Aberration, and the Neural Transfer Function
Thus far, the discussion has been limited to monochromatic light, simple defocus, and phase and has ignored the effects of chromatic aberration and the relationship between the neural threshold function and the optical MTF. In Figure 9 , these interactions are demonstrated for a 6 mm pupil using the Indiana model eye. 15 Introducing chromatic defocus (green line) into the model reduces the MTF significantly from the diffraction-limited case (black line). The MTF is affected more when a spherical aberration is introduced, and performance is even worse when chromatic and spherical aberrations are combined in the model.
The vertical separation between these curves shows that correcting the eye's chromatic aberration should result in about a 5-fold improvement in image contrast at 30 cpd. The improvement in image contrast would be approximately 12-fold if the eye's spherical aberration were corrected and approximately 25-fold if both chromatic and spherical aberrations were corrected.
Anticipated improvements in spatial resolution are not as dramatic as the improvements in contrast. The spatial frequency limit of detection without aliasing for the visual system is indicated graphically by the intersection of the optical MTF with the neural threshold function. This intersection in the Indiana eye occurs at 
Measures of Optical Quality
The quality of an optical system can be specified in 3 different but related ways. The first is a description of the loss of contrast experienced when an image of a sinusoidal grating object is cast. As discussed above, the MTF and PTF together define the OTF of an imaging system.
The second way is to describe the detailed shape of the image for a simple geometrical object such as a point of light or a line. The distribution of light in the image plane is called a point-spread function (PSF) for a point object or a line-spread function (LSF) for a line object. Simple measurements derived from these functions, such as the width (blur circle diameter) or height (Strehl ratio) of the intensity distribution, are taken as figures of merit that capture the blurring effects of optical imperfections.
The third way of specifying optical quality is by the underlying optical aberrations rather than the secondary effect of these aberrations on image quality. This description can be couched in terms of the deviation of light rays from perfect reference rays (ray aberrations) or the deviation of optical wavefronts from the ideal reference wavefront (wavefront aberrations). This aberration method is a more fundamental approach to the description of optical imperfections in eyes from which all the secondary measures of optical quality (PSF, LSF, MTF, PTF, and OTF) can be derived. It is also the approach that is most useful for customized corneal ablation and contact lenses since the aberration function of an eye is a prescription for optical perfection.
Definition and Interpretation of Aberration Maps
From a clinical perspective, perhaps the most useful interpretation of optical aberration maps is by errors of the optical path length (OPL). The OPL concept specifies the number of times a light wave must oscillate in traveling from one point to another. Since the propagation velocity of light is slower in the watery refractive media of the eye than in air, more oscillations will occur in the eye than in the same physical distance in air. By defining OPL as the product of the physical path length with the refractive index, OPL becomes a measure of the number of oscillations executed by a propagating ray of light. This is an important concept because light rays emitted by a point source will propagate in many directions, but if all the rays have the same OPL, every ray represents the same number of oscillations. Consequently, light at the end of each ray will have the same temporal phase and this locus of points with a common phase represents a wavefront of light. A propagating wavefront of light is therefore defined by the locus of points in space lying at the same OPL from a common point source of light. To define the aberrations of an optical system, the OPL for a ray passing through any point (x,y) in the plane of the exit pupil is compared with the chief ray passing through the pupil center (0,0). The result is called the optical path difference (OPD). Thus, the aberration structure of the eye's optical system is summarized by a 2-dimensional map showing how OPD varies across the eye's pupil.
In a perfect imaging system, the OPL is the same for all light rays traveling from the object point to the image point and therefore OPD ϭ 0 for all (x,y) locations in the pupil. In the case of an eye, this means that rays of light from a single point object that pass through different points in the pupil will arrive at the retinal image point having oscillated the same number of times. Such rays will have the same temporal phase and therefore will add constructively to produce a perfect image. If, on the other hand, light passing through different points in the pupil arrive with different phases because they traveled along paths of different OPLs, the system is aberrated and the quality of the image will suffer. By conceiving of optical aberrations as differences in optical path length, it is easy to see how aberrations might arise (1) due to thickness anomalies of the tear film, cornea, lens, anterior chamber, or posterior chamber; (2) because of refractive index anomalies of the ocular media that might accompany inflammation, disease, and aging; or (3) because of decentering or tilting of the various optical components of the eye with respect to each other.
A concrete example of the OPL concept is illustrated in Figure 10 . In a myopic eye with no other aberrations, the optical path is shorter for rays passing near the pupil margin than for those passing through the pupil center. Consequently, the best retinal image of a point object will be formed if this variation in optical path length is compensated by placing the point source at the eye's far point. Now the wavefront of light enters the eye as a concave wavefront such that the central rays arrive at the eye before the marginal rays, giving them a head start so when they follow a longer optical path through the eye they arrive in phase with the marginal rays. In short, to obtain the optimum retinal image, the optical distance from each object point to its image must be the same for every path through the pupil. The wavefront aberration map indicates the extent to which this ideal condition is violated.
By reversing the direction of light propagation in Figure 10 , a more practical definition of an aberration map for the eye is obtained. It follows from the preceding discussion that if the retinal point PЈ is a source of light reflected out of the eye, the shape of the emerging wavefront is determined by the variation of OPL across the eye's pupil. If the eye is optically perfect and em- Figure 10 . (Applegate) Example of a diverging wavefront from source P being focused to retinal point P' by a myopic eye. Reversing the direction of light propagation, light reflected from retinal point P' emerges from the eye as a wavefront converging on point P. When referenced to the x-y plane of the pupil, the wavefront shape W(x,y) is also an aberration map of the eye.
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J CATARACT REFRACT SURG-VOL 27, JULY 2001 metropic, this reflected wavefront would be a plane wave propagating in the positive z-direction. Thus, for distance vision, any departure of the emerging wavefront from the x-y plane is an optical aberration. For near vision, the reflected wavefront emerging from the eye must be compared with a spherical wavefront centered on the fixation point. In practice, the distance W(x,y) between the reflected wavefront emerging from the eye and the corresponding reference sphere is taken as a measure of the wavefront aberration function of the eye for the given viewing distance. By convention, positive aberrations occur when the marginal ray travels a shorter OPL than does the central (chief) ray, as in the case of the myopic eye shown in Figure 10 . Therefore, by this sign convention, W(x,y) ϭ -OPD(x,y).
In summary, the shape of a wavefront of light reflected out of the eye from a point source on the retina is determined by the OPD for rays passing through each point in the eye's pupil. Therefore, a map of OPD across the pupil plane is equivalent to a mathematical description, W(x,y), of the shape of the aberrated wavefront that emerges from the eye. Either may be used as an aberration map of the eye. Such maps are fundamental characterizations of the optical quality of the eye that can be used to compute other common metrics of image quality (eg, the PSF or OTF) from the expected retinal image of any visual target can be computed.
Methods of Measuring Aberration Maps of Eyes
The current interest in optical aberrations of eyes has been spawned by new technology resting on an ancient principle and the promise of super vision. Nearly 400 years ago, the celebrated Jesuit philosopher and astronomer, Christopher Scheiner, professor at the University of Ingolstadt and a contemporary of Kepler and Galileo, published his treatise Optical Foundations of the Eye, 16 75 years before Huygens' wave theory of light. This pioneering book described a simple device that is widely known in ophthalmology as Scheiner's disk (Figure 11 ). Scheiner reasoned that if an optically imperfect eye views through an opaque disk containing 2 pinholes, a single distant point of light such as a star will form 2 retinal images. If the eye's imperfection is a simple case of defocus, the double retinal images can be brought into register by viewing through a spectacle lens of the appropriate power. This design idea for an optometer for measuring refractive errors of eyes was first proposed by Porterfield in 1747 and improved by Young in 1845.
A simple lens will not always bring the 2 retinal images into coincidence, however, so a more general method of quantifying the refractive imperfection of the eye at each pupil location is needed. Smirnov 17 was the first to extend Scheiner's method by using a fixed light source for the central reference pinhole and a moveable light source for the outer pinhole as illustrated in Figure 12 . By adjusting the moveable source horizontally and vertically, the isolated ray of light is redirected until it intersects the fixed ray at the retina and the patient now reports seeing a single point of light. Having made this adjustment, the displacement distances ⌬x and ⌬y are measures of the ray aberration of the eye at the given pupil point. By independently determining ⌬x and ⌬y for many different rays entering the eye's pupil with respect to a foveal fixated reference ray entering the center of the pupil, one can deduce the local slope of the aberrated wavefront as a function of pupil entry for a foveal image. Mathematical integration of the slope data yields the shape of the aberrated wavefront, which can be displayed as an aberration map. Such an approach has recently been implemented in the subjective spatially resolved refractometer 18 -21 and the objective ray-tracing refractometer. [22] [23] [24] Tscherning demonstrated that deviations of rays from their ideal position can also be subjectively quantified using a grid superimposed on a blurring lens and viewing a point source ( Figure 13) . 25 Sixty years later, Howland invented the crossed-cylinder aberroscope, 26 ( Figure 14 ) which was first used subjectively 27 and later objectively 28 to quantify the aberrations of the eye. Recently, the principles of the Tscherning aberrometer have been incorporated in an objective aberrometer 29, 30 and used to design ablative corrections 31 to reduce the higher-order aberrations of the normal and highly aberrated eye. 10 Independently of these developments in ophthalmology, Scheiner's simple idea was reinvented by Hartmann for measuring the ray aberrations of mirrors and lenses. 32 Hartmann's method was to perforate an opaque screen with numerous holes, as shown in Figure 15 . Each hole acts as an aperture to isolate a narrow bundle of light rays so they can be traced to determine any errors in their direction of propagation. Since rays are perpendicular to the propagating wavefront, any error in ray direction is also an error in wavefront slope. Thus, Hartmann's method is commonly referred to as a wavefront sensor.
Seventy years later, Shack and Platt 33 invented a better Hartmann screen using an array of tiny lenses that focuses the light into an array of small spots, 1 spot for each lenslet. Their technique came to be known as Shack's modified Hartmann screen or Shack-Hartmann for short. To see how the array of spot images can be used to determine the shape of the wavefront, look at the wavefront in cross-section as shown in Figure 16 .
In a perfect eye, the reflected plane wave will be focused into a perfect lattice of point images, each image falling on the optical axis of the corresponding lenslet. In contrast, the aberrated eye reflects a distorted wavefront as illustrated in Figure 17 . The local slope of the wavefront is now different for each lenslet, and therefore the wavefront will be focused into a disordered collection of spot images. By measuring the displacement of each spot from its corresponding lenslet axis, we can deduce the slope of the aberrated wavefront as it entered the corresponding lenslet. Mathematical integration of slope yields the shape of the aberrated wavefront, which can then be displayed as an aberration map.
The Shack-Hartmann wavefront sensor was first used in 1994 by Liang and coauthors 34 to measure aberrations in human eyes, completing this historically meandering path to the development of a fast, objective, reliable method of assessing the aberration structure of human eyes. Liang's concept of a Scheiner-HartmannShack aberrometer is shown schematically in Figure 18 . Because the shape of an aberrated wavefront changes as the light propagates, it is important to analyze the reflected wavefront as soon as it passes through the eye's pupil. To do this, a pair of relay lenses focuses the lenslet array onto the entrance pupil of the eye. Optically, then, the lenslet array appears to reside in the plane of the eye's entrance pupil where it can subdivide the reflected wavefront immediately as it emerges from the eye. The array of spot images formed by the lenslet array is captured by a video sensor and then analyzed by computer to estimate the eye's aberration map.
The Shack-Hartmann approach has been reduced to an objective clinical aberrometer. 35 The wave aberration measured by the aberrometer is in turn used to design a customized corneal ablative pattern designed to reduce not only the spherical and cylindrical (astigmatic) aberrations (lower-order aberrations) but also the higher-order aberrations of the eye. 35 Using the LADARVision system, McDonald recently reported the first eye in which the higher-order aberrations of a normal ametropic eyes were reduced by wavefrontguided customized ablation (M. McDonald, MD, "Treatments Based on Wavefront Guided Custom 
Normal and Clinical Examples
Four examples of aberration maps for normal healthy eyes are shown in Figure 19 . By using a gray scale to encode wavefront height, the human visual system's natural ability to infer depth and structure from shading is used. The maximum difference between the highest and lowest points on each of these maps is about 1 m, which is a little more than 1 wavelength of the light used to measure the eye's aberrations (0.633 m). Perhaps the most distinctive feature of these maps is the irregular shape of their smoothly varying shapes. Another important feature of aberration maps of normal eyes is the tendency to be relatively flat in the center of the pupil, with aberrations growing stronger near the pupil margin. This is consistent with the literature showing that image quality is relatively good for medium-sized pupils but deteriorates as pupil diameter increases. 36, 37 For comparison, Figure 20 shows 4 examples of clinically abnormal eyes. Qualitatively, these maps have the same irregular, smoothly varying shapes as in normal eyes. The main difference is that the magnitude of the aberrations is about 10-fold larger, and therefore image quality is about 10-fold worse than normal. Another important abnormality of the keratoconic patient 19 and to a lesser extent the dry-eye patient 38 is the tendency to have large aberrations in the middle of the pupil. The implication of this result is that image quality will be subnormal for small pupils as well as for large pupils.
Limitations
Classical analysis of data from a Shack-Hartmann wavefront sensor does not consider the quality of individual spots formed by the lenslet array. Only the displacement of spots is needed for computing local slope of the wavefront over each lenslet aperture. However, experience has shown that the quality of dot images can vary dramatically over the pupil of a human eye as illustrated in Figure 21 . The presence of blurred spots indicates a violation of the underlying assumption that the wavefront is locally flat over the face of the lenslet. Two possible reasons are illustrated in Figure 22 .
The first possibility is that the gross aberrations of the eye are so large that the wavefront is significantly curved over the area of the lenslet. The result is a blurry spot that is difficult to localize. If the aberrations are large enough, neighboring spots can overlap, which complicates the analysis. The second possibility involves irregular aberrations on a very fine spatial scale. Perturbations of the wavefront within the lenslet aperture are too fine to be resolved by the wavefront sensor using classical methods. Rather than displacing the spots laterally, these "microaberrations" scatter light and blur the spots formed by the aberrometer. Although these blurry spots are problematic, they contain useful information about the degree and location of scattering sources inside the eye that may prove useful in clinical applications.
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Taxonomy of Optical Aberrations
One systematic method for classifying the shapes of aberrations maps is to conceive of each map as the weighted sum of fundamental shapes or basis functions. One popular set of basis functions are the Zernike polynomials. This set of mathematical functions are formed as the product of 2 other functions, one of which depends only on the radius r of a point in the pupil plane and the other depends only on the meridian of a point in the pupil plane. The former is a simple polynomial of the nth degree, and the latter is a harmonic of a sinusoid or cosinusoid. A pictorial dictionary of the first 28 Zernike polynomials is arranged in the form of a pyramid of basis functions in Figure 23 , which displays the relationship between the Zernike terms and the classical concepts of aberration theory such as spherical aberration and coma. Every aberration map can be represented uniquely by a weighted sum of these functions. The process of determining the weighting coefficient required to describe a given aberration map is a least-squares curve-fitting process called Zernike decomposition, which results in a vector of Zernike coefficients. Mathematical details may be found in several standard reference works. The Optical Society of America recently sponsored a task force of visual optics researchers to develop standards for reporting optical aberrations of eyes. Recommendations of this task force have been published. 42 
Relationships Between Measures of Optical Quality
One of the most important results of optical theory in the 20th century was the linking of the PSF, LSF, MTF, PTF, and OTF by means of a mathematical operation known as the Fourier transform. 43, 44 The pointspread function is computed as the squared magnitude of the Fourier transform of a complex-valued pupil function built from the aberration map. Since the PSF represents the intensity distribution of light in the image of a point source, it should be a highly localized, bright spot. Diffraction sets a lower limit to the diameter of the spot and an upper limit to the intensity in the center of the spot. A common metric of image quality called Strehl ratio is computed as the ratio of the actual intensity in the center of the spot to the maximum intensity of a diffraction-limited spot. As pupil diameter increases, the intensity of a diffraction-limited spot increases faster than the intensity of an aberrated spot, which tends to reduce Strehl ratio. It is not uncommon for the PSF of human eyes to have multiple peaks, which complicates the simple notion of Strehl ratio. More important, it signals the formation of 2 or more point images for a single point object. This condition of diplopia or polyplopia has great clinical significance because of its implications for visual performance and the quality of visual experience.
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Conclusion
Modern aberroscopy allows detailed characterization of the monochromatic aberrations of the eye and, in turn, the design of the ideal optical correction. Furthermore, and perhaps equally important, accurate characterization of the monochromatic aberrations of the eye allows computation of the expected retinal image for any visual object (Figure 24) . Such an image computation overcomes the longstanding handicap imposed on clinicians and visual scientists by the natural inaccessibility of the retinal image. 45 Thus, optical theory, when combined with knowledge of the anatomy and physiology of the eye's neural system, enables us to define the limits to improvement of vision and to predict the visual consequences of optical interventions and/or nonintervention. 
